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A MATHEMATICAL MODEL FOR SIMULATING INFRARED IMAGES OF SHIPS

OS. Scott

SUMMARY

This element-contribution model is programmed so that the
distribution of infrared radiation from a ship target can
be calculated for any aspect and any infrared waveband.
The present application is to simulate the images formed
by the guidance system of an imaging infrared antiship
missile.

The input data needed are the surface temperatures and
emissivities and shapes of the main structures and the
equivalent black body temperatures of the sky and sea
surface. The shape of each ship is represented as a
number of 'boxes' with each side and the top of each box
represented by faces of elementary cubes., The positions
and the. ceantres of evch face are calculated from the
positions of three rows of elementary faces measured from
plans for each box.

The output is an array of numbers representing the radiant
intensity from the unscreened faces in the required
direction and for the defined waveband. This array can be
converted to a colour-coded image on a video display for
testing and presentation purposes.
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1. INTRODUCTION

Ships may be attacked by ssa-akimming missiles and guided bombs which have
Infrared guidance systems. Infrared and Optical Countermeasures Group at
Electronics Research Laboratory has been tasked by the Royal Australian Navy
to investigate the vulnerability of ships to infrared weapons, and to study
the effectiveness of possible countermeasures such as signature reduction and
the use of decoys. Guidance systems of the imaging type are likely to be
especially difficult to counter by decoys, because the spatial distribution of
radiation from the target in the guidance system waveband must be approximated
by the decoy. Good representations of the spatial distribution of radiation
from targets are therefore needed for countermeasures studies.

This report describes a target model for use with simulations of imaging
infrared systems with specified wavebands which may be used together with a
missile model and an atmospheric attenuatlon model to study the effectiveness
of infrared countermoasures,

The target model in outlined in Section 2, and described In detail in
Section 3. Samples of the displayed output are given in figure 1.

1, OUTLINE OF METHOD

The objectivi of the simulation is to provide the distribution of target
radiant interelty presonted perpendicular to the might line from the minsile.
This is achisved by considering small elements of the ship surfaces in turn,
and calculating their positions and whethe, or not they are visible from the
missile. If they are not screened by other elements the positions of their
•rojections on a plane perpendicular to the sight line from the missile (the
output' plane) are calculated, and small areas centred on these projections

are recorded as parts of the projected image. At the same time these areai
are assigned the temperatures, emissivities and inclinationm to the vertical
associated with the elements concerned, which are those assigned to the
surfaces of the major structures of the ship,

The shape of the ship is defined in terms of a small number of boxes, with
each face of each box uonsideved as made uo of a large number of elementary
faces, Theme elementary faces are the visible faces of the large number of
elementary cubes representing the box shape. The calculations for the
projections are based on the element positions relative to ship axes, and the
positions of the missile and ship and the heading of the ship in reference
axes (figure 2).

Am a simple example, figure 3 ropresents a target considered as one box only,
T-hy! shape data are the a coordinates of the centres of the squares In the top
row and bottom row of the starboard *idso and the y coordinates of the centres
of the squares in the starboard side row of the top face, all measured from
the first x position at the stern to the last at the bow. These three sets of
data are used as described in Section 3.2 to define the positions of every
elemental face in each face of the box.

The temperature, emissivity and inclination data are the separate values
assigned for the whole of the top, port Fide, starboard side, stern and bow.
If as shown the box comes to a point a- the bow, there is no bow face, The
values of temperature may be nominal values or values calculated as described
in Section 5.3. A nominal 'ship centre' is also defined in the ship axis
system. The decks are assumed to be horizontal, and the sides vertical unless
otherwise defined.
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There can be several different elements corresponding to any given point on
the output plans. A calculation of range to the missile is carried out for
each element to ensure that the one closest to the missile is used to define
the surface temperaturA for each output plane point.

The array of temperatures corresponding to elements of the output planse i

converted to an array of radiant intensities by using:

(a) tits presented area represented by each elementi

(b) the temperat.ire and emissivity of each element;

(a) the appropriate gray-body distributions convolved with th ;otouired
spectral responsesi and

(d) the inclination of each element, and sky and sea surface ellivalent
black body temperatures which are required for the calculation of ship
surface radiances.

A spectral distribution of the radiant intensity is retained for each value of
temperature used so that the results may be further convolved with an
atmospheric transmission model and any other seeker waveband when required.

The rbeulhs may be presented as au array of suirface temperatures or radiant
intensities, or as a colour-ooded imago,

3, I)DECRIPTION OF HODEL

3.1 Input required

The input section is the firmt part of the flow diagram of the model shown
in figure 4. After initialising the variables, the program prompts the
user to supply details of the engagement to be simulated. It is necessary
to supply the position and heading of the ship, and the missile position,
all with respect to a set of reference axes| and to define the particular
ship which is t, be simulated and the type of output display required, At
this stage It is possible to limit the calculations to one of two infrared
wavebands (3 to 5 Um or 8 to 14 pm),

The data defining the shape and temperatures of the designated vessel are
then read from the appropriate file, which defines the small number of
"boxes" used to reproment the shape, and the three arrays of coordinates
defining the starboard face of each box as described In figure 3, It also
include, the temperatures emissivities and inclinations to be assigned to
each face of each box.

The temperatures used are derived from valums massur I in overcast
conditions. Temperature increases caused b) solar I tsting may be
incorporated by incrementing these temperatures a described in
Section 5.3.

3,2 Calculations

3.2,1 Face perimeters

The positions of all the elements forming boundaries of faces for each
box are calculated by reflection and manipulation of the input data read
frwt file.
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The positions of the elements in the perimeter of the port face of each
box are obtained from a simple reflection of the input starboard face
data In the x-z plans which is the plans of symmetry of the ship,

The perimeter of the top face of each box is obtained from the input
data for the top of the starboard face together with the s,'me data
reflected in the x-z plans.

The stern face is considered to be vertical with boundaries defined by
the positions of the rear upper and lower corners of the starboard and
port faces. If the stern upper elements of the port and starboard sides
are adjacent, there ib no .tern face.

The perimeter of the front face is similarly defined from the positions
of the bow upper and lower elements of the port and starboard faces,

3.2.2 C~alculation of nomputing loop limits

The computations on the s1rface elefiento to determine their projected
positions on the outout plane, and their radiance values are carried out
in "nested" iterations, The outer nest covers the box number, and the
next the face number (ea Starboard-1, Port-2, rop-3, Stern-4, Bow-S),
The next neat covers the sections along the ship axis (the x coordinate
changes) from the stern to the bow. The final loop is eitheri

(a) over the rangs of values of height (z) at. constant distance from
the x-a plane (y) for the vertical sides; or

(b) over the range of values of y from one aide to the other of the
flat top at constant sl or

(c) over the rang& of values of both y and a for the stern and bow,

It should be noted that the croess sections of all faces perpendicular to
the A axis are represented as either vertical or horizontal lines, This
limitation dose not affect the appearance of the Images to any
noticeable degree. However the inclinations of the faces to the
vertical are taken into account for calculating the contributions of
ieflection from sky and sea surfcac to total radiant intensities (see
Appendix I1),

3,2.3 Element mapping

The rotation constants, which depend on the heading of the ship and its
position relative to the missile, and which are Independent of position
on the ship, are calculated in a subroutine outside the iteration loops
in which the mapping of elemont positions onto the output plane are
performed,

The mapping is carried out by converting thr xy,s coordinates of
individual elements into three coordinates (w 1, yp' p ) in a system

where X is the direction from observer to shii Y has the direct.ion ofP p
v X X where v is the upward vertical, and Zp completes the right handed

orthogonal set, Zp Yp is the )utput planie and yp, a the coordinatvs of

the projected point in this plane. The equation for thin conversion is:
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Xp
yp = AI(G) Aj(0) y( )

2 p ( Z)

where A,, Al are the famillar rotntlon matrices (Bee Appendix I) aind 0

and 0 are rotations which are derived in Appendix I,

As each element is mapped onto the output plane, x provides a measure

of the range from the element to the iwissile. The temperature assigned
to each position in the output plane is that associated with the element
closest to the missile which has been mapped onto that position. By
this means the masking of any part of the ship by any other part Is
incorporated in the model,

Owing to rounding errors In the computations it was found that small
sections of the rotated image were blank or showed sectionis which should
have been masked, This was overcome by assigning the temperature of any
element of the output plane to the next in increasing value of yp and p

(and a fourth element to complete the square). rhese additional
elements were normally overwritten by submaquent mapping, but the effect
was to fill in the minor gaps. A further effect of this tachnLqua was
to increase the size of each mapped face by one element in the yp

direction and one element in the z direction, If the element sixe is

small ctmparad with the face ix.e this effect iv of no conseiquencc, The
effect can however be Al~lminated by reducing the input data value% by
one unit in earh direction,

3,2,4 Calculation of radiated and reflected radiant intenxities

The radiant intensity of each element of the output plane array dependa
on the presented area A it ropresents (which im the same for all
elements in the output plane), tho temperature (T1K) and emiueivity (c)
of the whip element it represents, sad the infrared waveband chosen,
The radiant Intensities (W/sr) are calculated using the Plnnck formula:

H A f CX 6 Xi d%) (2)Ixp(C( /X'r)-(

where C, and CA are the first and second radiation constants

3.74 x 10"" W cm', and 1.438 cmaX respectively, X is wavelength in
centimetres, and B is the normalised s~vctral sensitivity

characteristic of the senvor from wavelength X, to X,

In addition to the energy radiated from the surface, a proportion of the
energy originating in the hamisphere it oubtands is rtflected, Tihe
additional radiant intensity from this source In given byi
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A (1- E) T

JREFX, -"1

An expression fur ET, the energy received from the background by the

element, is derived in Appendix II, The case consideord is for a
uniform sea background, a sky background radiance which in a function of
elevation angle only, and a porfectly diffusn surface of the element A,

In order to calculate the irradiance at the missile from each element it
is also necessary to incorporate the atmospheric transmission (t,) in

the integration of equation (3), At present this is performed by using
Lowtran(ref. 1).

Since there are in general only about ton boxes each with five faces,
there are only about fifty temperatures to consider. The radiant
intensity and irradiance calculations are performed outside the
iteration loops and only once for each value of temperature assigned in
the model to avoid repeating the calculations for each %lement,

3,3 Output presentation

The output may be presented an a printed array of the values of surface
temperature, radiant intensity, or irradiance , or as an array of symbols
with a key for conversion to the necessary values,

A biack and white shaded Imale can be used to represent the spatial
distribution of tomperature, radiant intensity or irradiance with an
appropriate key, and colour can be used instead of or as well am shading,

The type of presentation required is aelected by the us4r at thei start of
the simulation.

4, PRESENT APPLICATION OF THYE MODEL

The target model is intended to be part of a Uimulation of missile attacks on
ships, during which infrared countermeasures may be used. Sc. far the geometry
of tn FF0 Frigate (11MAS Canberra), a t)estroynr Escort (HMAH Torrens) and a
Guided Missile Destroyer (IIMAS Parth), and a Coastal Minesweeper (HllU) have
been modelled, Surface temperatures have been derived from tri.als in which
thermovision cameras iecorded the infrarnd tmages of momne of theseo ships.

The background is repr•esnted as a constant Irradiance from the seo burfoca,
and an irradiance equivalent to that from a black body at ambient temperature
(with no atmospheric attenuation) for the horizon sky. The irradiance from
the sky reduces to nero linearly with elevation angle up to 900. This
representation requires refinsment for representations of specific
environments, The position of' the waterline on the ship rulative to the
horizon is calculated from the height of the missila, the range of the ship.
and the radius of the earth (Appendix Ill),

5. MOIEL, ntVEiOPmENr

5.1 Irradiance from exhaust plumes

For missiles using •.he infrared wavehand which covers the carbon dioxide
emissions near 4,4 PJm, the engine exhaust plumes can be significnnt
sources, This is particulatly so for tho FF0 vessels which have gas
turbine engines,
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A series of trials ware carried out for various purposes on ant FFG in
March 1983(ref.2), The video records of plume signatures are being
analysed in an attempt to derive empirical models of:

(a) irrndirance from the plumes as a function of range, aspect, and
angina condition; and

(b) plume shape an a function of wind speed and direction, ship speed
and direction, aspect, and online condition.

During the same trials period limited measurements were also made on a
destroyer escort with a steam turbine.

Examples of 8 to 14 and 3 to 5 Um images of IIHA[ Canberra are shown in
figure 5. The plume is the dominant feature of the 3 to 5 ým signature of
the FFG at the range of the measurement, The Images shown ware produced
with the Analysis system described in reference 3,

It is hoped that it will be possible to incorporate a three-dimens.ional
representation of FF0 and DE plumes in the target model following analysis
of trials data,

5,2 Background representation

(1) Sea background

The radiance of the sea surface is partly grey-body radiation at the sea
temperature and partly reflection of the sky Sitnne sky radiance in An
general a function of elevation angle, the sea radiance will be at
function of the declination of the sight line. Sea roughness may be
considered an the variation of elope of areas of surface with certain
spatial and temporal correlation characteristics, Variation of surface
angle will produce variations of the reflected component of sea
radiance, To produce a target model which incorporates sea clutter, the
surface shape variations must be modelled No that the spatial And
temporal changes are derived as functions of local wind speed and
direction (and possibly other parameters affecting sea surface rhape).
Such models do exist, for exampleo(ef.2,3), and considerable work has
been carried out to estimate the accuracy of model predic tionn,

Fluctuations of background s~igntls are often the machaniuims for limiting
the dotectability of targets with particular systems, and may be even
more important In a countermeasures environment. It. is recommended that
a dynamic suea background model be developed for :ise with the present
target model,

5.3 Derivation of ship surface temperatures

5.3,1 Equilibrium temperatures of solar heated surfaces

To obtain initial estimates of temperatures of the sunlit portions of
%hip murfoces, the plates may be considered as sufficiently thiin or
thermally conducting to allow both surfacen to be at theP same
temperature, and to have negligible thermal mass, The plates are
irradiated by the sun on one side, and echange heat by radiation and
convection with the surroundings on both sides.

The thermal input powers per unit area of plate surface are:
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(1) a comw The solar irradiance on thn plate where. Fa in the

sea-level normal solar irradlance, and w is the angle
of the normal of the plate to the solar sight-lino.

(2) cp oTj The radintion absorbed from iimbi.nt ait Absolute

temperature T, onto side I of the plate where s isP
the amissivity of the plate surface, and a is
atefan's Constant,

(3) cp oTs As (2) but for side 2 of the plate.

The thermal output powers per unit area of plate surface are:

(4) aFacosw The svlar radiation reflected from the surface, wnere

a is the plate surface reflectivity for the solar sea
level spectrum,

(5) t p OT Tho radiation from the plate surface at ttimperature

T into ambient I.

(6) t oT As (5) but Into ambient 2,

(7) (h 1+OtVj)(TV-Tt) The convection from murfaco 1 of the plate

into ambient I where h, and 1 ot'r free and

forced convection coefficients and V1 is

the wind vlotity.

(8) Cha+OeVs)(T 5 -T1 ) The convoction from surface 2 nf the plnte

into Ambient 2,

The thermal power equation for equilibrium Is therefore:

Facosw + rpaT,. + tp oT' w aF Mcopw + 2t ;, o'fa + 0h+0 1VI)(Ts A)

+ (h,+BV 1 )(T -TO)

This equation can be molved to provide the values of T by providiln

known values of F a, w p,t o, 4, T 1, T1, V, and V: and choosing

appropriate, values of hi, hl, 01 and 0%, th, values for the outer

surface depending on windapeed and aspect, It IN expected that
attributing values of V, for net wind speed across the various faces of

the ship will be difficult, owing to tho duareo of exposure to or
shelter from the relative wind direction,

It should be noted that T, Is an offurtive temperature for the

hemisphere saibtenied by a surfasrs. It can be obtained by mae.surotmunt
using a radiometer with sufficiently wide waveband to convo all
signiflcant eergay Inputs. A.ternAtively T, could be ca&culntd from

atmospheric data to include sinSle scattering and radiation flrom the
molecules of the atmosphere.
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5.3.2 Derivation of non-equilibrium surface temperatures

Because the plates of the ship do have thermal mass, the equilibrium
temperatures are only reached after some time of continuous irradiation
under constant conditions. In general solar irradiation is not constant
owing to changes of sun angle, cloud cover, and ship heading.

The equation of Section 5.3.1 can be modified to incorporate changes of
Fs and w and to include thermal time constants of plates based on their
thickness, specific gravity and specific heat. If the plates are thin
and of metal, thermal conductivity should be sufficiently high to kUep
both surfaces at ve-y similar temperatures.

In the absence of solar irradiation the outer surfaces of the ship will
reach equilibrium temperatures between the inside temperatures (which
include those of funnels and engine rooms) and the outside ambients.

5.3.? Development of temperature prediction

The model may be developed by programming the equation of Section 5,3.1
and choosing the appropriate heat transfer coefficients to provide
equilibrium timperatures. A solar position model is already available
to provide w from iatit•,de, longitude, Zulu time, and ship geometry and
heading.

Further development to derive non-equilibrium temperatures along the
lines of reference 4, requires research on plate materials and
thicknesses and ship internal temperatures. (For the Frigates with
superstructure (f I inch aluminium the thermal capacity ..

4,1 W h m" OC"'. The corresponding value for the steel hull is 10,4 or
8.65 depinding on pjsition,)

Such developments would Allow prediction of ship signatures after
planned voyages and could he valuable in special military circumstances.

5,4 Extension to other ships and military targets

It is intended uhat one of each of the major ship types in the Royal
Australita Navy will be modelled when suitable plans become available.

Although the intention is to develop methods of reducing the vulnerability
of RAN ships, it would also be reasonable to model foreign ships to
investigatn their vulnerability in the infrared wavebands,

The method can also be applied to generating infrared images of other
military vehicles such as tanks,

6. CONCLUSIONS AND RECOMMENDATIONS

A digital model for generating the infrared images of ships has been
developed. Shape data for four ships have been used with the model to produce
images and arrays of irradiances suitable for inputs to a missile model.

An engine plume model is needed to complete the images in the 3 to 5 pm
waveband, An improved representation of background radiances is required for
simulation of specific situations, A detailed model of the thermal effects at
the ship surfaces is necessary to extend the model so that surface
temperatures are calculated from the thermal history.
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NOTATION

A area (Wn)

S/rotation matrices
AS
B normalised spectral sensitivity at wavelength

C1 first radiation constant (W cms)

CS second radiation constant (cm OK)

RT irradiance from background (W cm 5)Tu irradiance from upper hemisphere on area A CW)

E u irradiance from loper hemisphere on area A (W)

FI sea level normal solar irradiance (W cm"')

H radiant intensity (W sr'l)

J RE reflected intensity (W mr 1)

missile position in reference system

R range (km)

R Cradius of Earth (km)

R, axes subscript for reference system

IR axes subscript for might-linb system

T temperature (OK)

TR1 target position in rofArence system

T temperature of sea suzface (*K)

V velocity (cm 8"|)'x
Y axes systems

a reflectivity
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dA,

elemental areas (cm')

dAJ

h free convection cooaficisnt (W M"A a)"X)

2 bow coordinate of ship element

Sy port coordinate of ship element

Z height coordinate of ship element1* xp I

1P1

SYP ship element coordinates in Light-line system

apI

I £azimuth angle limit (O)

a inclination to vertical (C)

forced convection coefficient (W Ir' OX a)

S*angle of reflecLion (6)

R declinAtiort of eight-line (o)

•H declinati•cn of horison (0)

1U Angular separation of horison and might-line ()

C Omissivity

* Euler rotation ()

wavelength (mm)

P dAimuth angle (*)

0 Stefan's constant (W m'% OK'%)

0 elevation angle ()

0 Euler rotation ()

W angle of plate norma] to might-line ()
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APPENDIX I

DERIVATION OF ROTATION EQUATION

1.1 Sight-line axes (R2)

All points on the target are mapped onto i plane perpendicular to the might
line from the mimsile to the target (the output plane). Sight-line axes
are XN2 in the direction of the eight lint. YR2 oerpmndicular to the upward

vertical and to XR2, and ZR2 to complete the right-handed orthogonal net,

ill

XR2 (TRI MRl)/ITRl - 1RIl

YR2 " R1 x XR2)/IZRl x XR2 1

ZR2 a XR2 x YR2

where TRI (xT, yT' aT) and MR1 (xM, yMo aM) are the position vectors of the

target and missile referred to the origin of reference axem XRl, YRI' SRI

with cR1 chosen to be the upward vortical., The mhip is assumed to be

moving perpendicular to the ZRI axis with aT a 0 and with no roll, pitch,

or yaw.

1.2 Rotation transform

Every point x, y, a referred to target axes ( XT bow, YT port, ZT vertically

up) is expressed in cooodinaseu (xpI y , p) referred to sight-line axes,
the Y-R plane of which is the output plane so that screening of any point
by another can be chocked, and to provide tho data for presentation of an
image of the ship an seen from the missile,

Two Euler rotations 0 and 0 (figure I.) are used to rotate the target axia
(T) to align them with the reference axes (RI). 0 in i rotation about. ZT
to bring YT to Y', YR2' perpendiunlar to XR2 , and XT to X' ist

n( YR2I -/.1

(and i is the tngle between the might line and the ship bearing in the
horizontal plans). 0 is a rotation about the now Y' axis to bring the new
X' axia into line with the XR2 axisl

* Y Rrotan2 x Z T)

(and S is the angle between the sight lint and the horixontal plane), The
rotation transform isa
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SZp x

Yp A IJl p A

where

cosine sine 0 Colin* 0 -m1no

Ai -mine cosine 0 and A, • 0 1 0
0 0 1 line 0 cosine
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Iligure 1.1 RotatIan transform angles
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APPENDIX 11REFLECTED "RADIANT" INTENSITY FROM AN INCLINED PLANE ELEMENT ORIGINATING FROM

BACKGROUND

11.1 Upper hemisphere

The background 'sky' radiance is assumed to be a function of elevationangle only. An element of sky background, dA5 , is represented by part ofthe area of the inside surface of a sphere of large radius R, between two
caps, which is subtended by the plane element dA3 inclined at a to the
vertical (figure II.1).
If the element is at 0 elevation and p azimuth (figure 11.1) the radiationfalling onto dA, from dA1 is:

dA, dA1 (con# coup coma - sino smin) fC0)
Rim

where: dAt - Rim com do dp cmt

and

2 C1 XI B dif(o) - x W r mf r exp C1/XT(, ) War

The energy falling onto dA, from the whole horizontal section of the sphere
is d gu given by:

dEu 2dA, com9 f(O) do [logo come 0 coup dp -

0

sin sina dp W

0
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and the energy falling onto dA, from the whole upper hemisphere is

E 2dAI Os J co0
2 0 sint f(O) do

0

it-a

-sine j cost sino E f(O) •0J

where 2 m arcos (tano tuna)

11.2 Lower hemisphere

The apparent background sea radiance is assumed to be constant, An element
of sea background dA5 is represented by part of the area of the inside

surface of a segment of a sphere of large radius R, (figure 11,2).

If the element dAs is at 0 declination and p azimuth (figure 11.2), the

radiation falling onto dA, from dAx is:

dAI(cosO coap cosa - sino cosp sine) dA'F
Rig

where

dAn * Rig cosp d4 dp cm'

and

X,

F W sr'

where T is the absolute temperature of the sea surface.5

,I

____- -, -. -.-~ -. -___ - -. ..-
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The energy falling onto dA, from the whole segment at 0 is

2 2

2+2

and from the whole lower hemisphere:

P +2 +2 +'
E dAj f00 cosO cosup dodp - sina sin# coolp ddc

ip 0 " 2 0 " 2

11.3 Reflected intensity

The total energy in the defined wavebard falling onto dAj which originates

from background is:

E T u E u+ EL W

A proportion of IT, (1 - 0) in reflected from the surface, and if this

reflection is assumed to be lambertian (diffume) the reflected intensity at
any angle I to the normal of dAL is:

dA3 coef(l.)E T
TREF )Xl"a " W or

ii
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Figure 11A, Geometry of nky background irradiance calculation
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Figure 11.2 Geometry of' sea backgr~ound irradiance calculation
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APPENDIX III

DECLINATION OF SHIP REFERENCE POINT RELATIVE TO HORIZON

If the height of the missile and ship reference point above sea level are z

and 2R respectively, and R is the distance between the two points, the

declination 6R of the reference point (from the horisontal) in, referring to

figure III.11

a M F n R' + (RE + x )' (RE + aR.

where % is the radius of the Earth,

This reduces toa

when sR, a and R are small compared with RE,

From figure 111.2 the declination of the horizon (from the horizontal) ia:

6 acon, J RE

The horizon is therefore positioned at an angle (8RH) in the image (or output)

plane above the reference point givwn by:

8RM a H a R
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Pigure 111.1 Declination of reference point
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